A recent cross-correlation between the SDSS DR7 White Dwarf Catalog with the Wide-Field Infrared Survey Explorer (WISE ) all-sky photometry at 3.4, 4.6, 12, and 22 microns performed by Debes et al. (2011) resulted in the discovery of 52 candidate dusty white dwarfs (WDs). The 6 WISE beam allows for the possibility that many of the excesses exhibited by these WDs may be due to contamination from a nearby source, however. We present MMT+SWIRC Jand H-band imaging observations (0.5-1.5 PSF) of 16 of these candidate dusty WDs and confirm that four have spectral energy distributions (SEDs) consistent with a dusty disk and are not accompanied by a nearby source contaminant. The remaining 12 WDs have contaminated WISE photometry and SEDs inconsistent with a dusty disk when the contaminating sources are not included in the photometry measurements. We find the frequency of disks around single WDs in the WISE ∩ SDSS sample to be 2.6-4.1%. One of the four new dusty WDs has a mass of 1.04 M (progenitor mass 5.4 M ) and its discovery offers the first confirmation that massive WDs (and their massive progenitor stars) host planetary systems.
INTRODUCTION
A new class of dusty white dwarfs (WDs) is rapidly being populated through infrared excess searches using Spitzer, the Wide-Field Infrared Survey Explorer (WISE ; Wright et al. 2010) , and various ground based telescopes such as the IRTF and Gemini (Zuckerman & Becklin 1987; Kilic et al. 2005; Becklin et al. 2005; von Hippel et al. 2007; Farihi et al. 2010; Debes et al. 2011; Barber et al. 2012; Xu & Jura 2012) . These WDs exhibit excess emission in the near-and mid-infrared due to the thermal reprocessing of light by a disk of circumstellar dust. These dust disks are the debris resultant from the tidal disruption of an asteroid that has veered off its orbit and passed within the WD's Roche lobe (Debes & Sigurdsson 2002; Jura 2003 Jura , 2008 Bonsor et al. 2011; Debes et al. 2012) . The origin of these asteroids is dynamical instability, initiated by post-main sequence stellar mass loss, whence a massive planet (if present) will start to gravitationally interact with smaller planetary bodies. After numerous interactions, an asteroid's orbit will become increasingly eccentric and in some cases approach close enough to the WD to be ripped apart by tidal forces. The debris produced by this disruption embodies a circular disk geometry after many subsequent orbits (Debes et al. 2012) .
Dust persists around a WD inside the tidal radius of the WD and outside the radius at which the equilibrium temperature is such that the dust will sublimate. Viscous torques cause the sublimated dust to accrete onto WD's surface (Rafikov 2011a,b; Veras et al. 2013 ). This accretion results in a spectroscopically detectable pollution of the otherwise pristine WD atmosphere. Photospheric abundance analyses of these WDs show that the accreted metals originate from tidally disrupted minor bodies similar in composition to that of bulk Earth Klein et al. 2010 Klein et al. , 2011 Dufour et al. 2010 Dufour et al. , 2012 Xu et al. 2014 ). Since at least one planet is required to perturb minor bodies out of their stable orbits (Debes et al. 2012) , photospheric pollution as well as circumstellar debris disks serve as tracers for remnant planetary systems at WDs. Dusty disks surrounding WDs are generally assumed to be geometrically flat and optically thick (Jura 2003; Rafikov 2011a,b) . Based on flat disk models, they vary in width from a narrow ring, a few tenths of a solar radius, to a disk filling the entire region interior to the tidal radius of the star and exterior to the radius of dust sublimation. The WDs known to host debris disks typically range in temperature from 9500-24,000 K and in mass from 0.5-0.9 M . With this work, we expand the parameter space occupied by WD+disk systems with the confirmation of the first disk orbiting a WD hotter than 24,000 K and the first disk orbiting a WD more massive than 1 M .
We present follow up near-infrared (NIR) J-and H-band photometry using the 6.5 m MMT with SWIRC of 16 WDs exhibiting a mid-infrared excess indicative of a debris disk detected by WISE (Debes et al. 2011) . We use the higher spatial resolution of SWIRC to confirm the presence of a debris disk or to identify a photometric contamination in the six arcsecond WISE beam. We start in Section 2 with the selection of our targets. Section 3 is a description of the observations and data reduction as well as the debris disk modeling of the detected excesses. Finally, we present our results in Section 4.
TARGET SELECTION
The WISE mission opens up new opportunities for detecting excess infrared light at WDs caused by orbiting planetary debris. WISE provides four bands of mid-infrared photometry from 3.4 to 22 µm. The WISE InfraRed Excesses around Degenerates (WIRED; Debes et al. 2011 ) Survey reveals a large number of candidate WD+dust disk systems through a cross-correlation of ∼18,000 WDs from the Sloan Digital Sky Survey (SDSS) Data Release 7 WD catalog (Kleinman et al. 2013) , the 2MASS All Sky Data Release Point Source Catalog (Skrutskie et al. 2006) , and the UKIRT Infrared Deep Sky Survey (UKIDSS) Data Release 5 Point Source Catalogs from the Large Area Survey and Galaxy Cluster Surveys (Lawrence et al. 2007 ). However, due to the large size of the WISE beam, some of these detections are likely the result of nearby contaminating sources.
We use the SDSS and UKIDSS observations to pare down the sample of 52 disk candidates identified by the WIRED survey to a target sample of 24 WDs. We removed a total of 28 of the 52 candidate dusty WDs from our target list for various reasons;
(1) We found 10 to have a blending source in their SDSS images.
085742 These cuts reduce the number of true candidate disk systems in WISE from 52 to 24 WDs without an obvious nearby blending source, not already known to host disks or brown dwarf companions, without NIR data, and correctly identified as WDs. Hereafter, the WDs in the WIRED sample will be referred to with the letter J followed by the first four numbers of their WIRED name.
OBSERVATIONS AND DATA ANALYSIS

Near-infrared Photometry
During two nights in May 2012, we imaged 16 of our 24 targets in the NIR J-and H-band using the SAO Wide-Field InfraRed Camera (SWIRC; Brown et al. 2008 ) with the MMT located on Mount Hopkins near Tucson, Arizona. SWIRC has a 2048×2048 pixel HAWAII-2 detector with a 0.15 arcsec/pixel plate scale and 5.12 × 5.12 arcmin field of view. Exposure times were adjusted to approach a signal-to-noise of 10. Each target was observed for two sets of a 3×5 dither pattern with offsets of 10 arcseconds to sample the sky background. We took dark frames for each exposure time and sky flats each evening. The weather conditions were good with an average seeing of 0.9 arcseconds.
We used the SWIRC data reduction pipeline to dark-subtract and flat-field the images. The images were then shifted to a common position and mean combined into one final image for each target. We calculated a zeropoint offset for each combined image by taking a weighted mean of the offsets for the 2MASS stars in the field. We used the IRAF aperture photometry package apphot to measure the flux of each isolated WD and comparison 2MASS stars. In many cases, the presence of an additional point source very near to the target WD interfered with our aperture photometry measurements. We measured these blended targets using the IRAF daophot package, where we fit the point-spread-functions of the WD and nearest blending neighbor simultaneously.
Disk Modeling
We combine SDSS DR7 ugriz (Kleinman et al. 2013) and WISE 3.4 & 4.6 µm photometry with our SWIRC J-& H-band data to construct the SED of each WD. We model the flux of the WD in the NIR and MIR bands using pure hydrogen atmosphere models (Tremblay & Bergeron 2009; Tremblay et al. 2010; Gianninas et al. 2011 ) which we normalize to the SDSS griz-band data. In most cases, a secondary point source appears within six arcseconds of the WD of interest. The SEDs of these WDs are shown in Figure 1 where the SDSS, SWIRC, and WISE data appear as magenta circles, orange squares, and green diamonds, respectively. The SWIRC photometry of the blending point source (when present) is shown by empty orange squares. Two of the objects in this figure (J0914 and J1503) do not have obvious WISE contaminants but their SEDs are not consistent with a disk and they likely have unresolved background contaminants.
The colors of the blending sources do not resemble those of M dwarf stars or L/T brown dwarfs (see Figure 2 ). The average J − H, and H − W 2 colors of the blends in our images are 1.05 and 3.04, respectively, while the J − H and H − W 2 colors for typical T dwarfs are 0.36 and 2.25, for L dwarfs J − H = 0.92 and H − W 2 = 1.49 on average, and for typical M dwarfs J − H = 0.59 and H − W 2 = 0.75 (West et al. 2011; Lépine & Gaidos 2011; Kirkpatrick et al. 2011; Frith et al. 2013; Newton et al. 2013) . Therefore, the blends in our sample are too red to be L/T brown dwarfs or M dwarf companions and are likely background galaxies.
In the cases where no obvious source of WISE contamination is present (J1147, J1234, J1507, J1537), we rule out the possibility of not detecting the presence of a dim resolved contaminant. If the excesses at these four WDs were due to an resolved contaminant with the same J − H and H − W 2 colors as the blending sources described above, we should have detected them. The limiting magnitudes of our J-and H-band images are fainter than the expected brightnesses of the typical blending sources for the other WD targets.
For these four WDs, we fit a geometrically flat, optically thick disk model (Jura 2003) to the SWIRC+WISE excesses using a χ 2 minimization method. Here χ 2 is defined as the square of the difference between the measured excess and the disk model flux over the square of the photometric error for the SWIRC J-& H-and the WISE 3.4 & 4.6 µm bands. We fit disk models with inner temperature of 800 − 2100 K and outer temperature 100 − 1200 K in steps of 10 K and inclination 0 − 90
• in steps of 10 • . The SEDs are shown in Figure 3 where the best fit disk model appears in red and the WD+disk model combination appears in black. Debris disk models accurately reproduce the excesses found at the four isolated WDs in the sample. We compare the colors of these new dusty WDs to the previously known dusty WDs from the literature in Figure 4 . The colors of the four new dusty WDs are comparable to the colors of the dusty WD population from the literature and are therefore likely to have the same mechanism generating their infrared excesses.
RESULTS
Blended Targets
The SWIRC photometry of our sample along with physical characteristics of the WDs are tabulated in Table 1 . The majority of our disk-candidate targets reveal extraneous sources of contamination when observed with high spatial resolution imaging in the NIR. We measured the photometry of the WD and primary blending source (closest to WD) simultaneously and plot them with filled and empty orange squares, respectively, in Figure 1 . When considering the photometry of the blending source along with the WISE photometry, the resultant SEDs do not resemble that of an M dwarf or L/T brown dwarf, and are likely due to a background galaxy. The SWIRC data of the WD line up with the prediction for a hydrogen-dominated atmosphere for all but two of the blended targets, namely J1503 and J1552. These targets likely have an additional blending target not resolved in the SWIRC data that contributes to this deviation from the WD model. Two targets (J0914 and J1530) have SEDs inconsistent with that of a debris disk and no neighboring point sources. While J0914 resembles a disk-hosting WD in that it has no NIR excess in conjunction with a MIR excess, the excess detected by WISE is too strong to be reproduced by any of the geometrically thin, optically thick debris disk models that we fit it with. The WISE excess is likely caused by a background red galaxy. The excess found at J1530, on the other hand, starts in the SDSS z-band which is uncharacteristic of a debris disk excess and enough to refute the presence of a disk.
New Dusty WDs
A quarter of the WDs in our sample show an excess consistent with that of a debris disk and have no obvious source of contamination within the WISE beam radius. The best fit disk parameters are listed in Table 2 . To evaluate the uncertainties in the disk temperatures and inclinations we perform a Monte Carlo analysis where we replace the observed photometric fluxes f with f +gδf , where δf is the error in flux and g is a Gaussian deviate with zero mean and unit variance. For each of 7,000 sets of modified photometry, we repeat the analysis to derive best-fit parameters for the disk. We adopt the interquartile range of these parameters as the uncertainty. We find that the disk temperatures are uncertain by 200 K and the inclination by 20-25
• . The lack of data beyond 5 µm contributes to the uncertainty in the outer temperature of the disks.
The inner and outer radii are obtained from the inner and outer temperatures of the disk using Equation 1 of Jura (2003) . The four disks all have similar widths (∼ 0.3R ), however the radius of the inner edge of the disk orbiting J1537 is three times that of the others. The most massive (J1234) and the coolest (J1507) dusty WDs have the hottest and the coolest disk inner edges; 1900K and 800K, respectively. The temperature of the inner edge of the disk surrounding J1234 is hotter than the sublimation temperature of dust (∼ 1500K; Rafikov & Garmilla 2012) and the flat disk model may need to be replaced with a warped disk in order to explain the SED ).
J1507 is among the coolest dusty WDs known; WD 2115−560 (von Hippel et al. 2007; Farihi et al. 2009; Jura et al. 2009 ) and G166-58 (Farihi et al. 2008) are the only previously known WD+disk systems with host WDs cooler than 10,000 K. It is also worth noting that J1234 is a 1.04 M dusty WD with an estimated progenitor main-sequence mass of 5.4 Msol (Kalirai et al. 2008; Williams et al. 2009 ). J1234 is the most massive dusty WD currently known, and the discovery of its disk indicates that intermediate mass ∼ 5 M main-sequence stars also host planets.
The Frequency of Disks in the WISE All Sky Survey
Two WD+disk candidates identified by Debes et al. (2011) , J0110 and J0905, appear to be bonafide debris disks, due to the lack of an obvious contaminating source in the high resolution UKIDSS images, and must be included in the discussion of the frequency of disks in the WISE sample as a whole. Of the 12 WIRED disk candidates with UKIDSS data, only these two have no apparent contaminating source within a 6 radius. With the inclusion of J0110 and J0905 there are now 12 confirmed debris disks in the WISE sample. These include six previously known dusty WDs, four new dusty WDs presented by this work, and two dusty WDs with UKIDSS data. Out of 1527 WDs in the WISE sample, 1020 are WD+M dwarf candidates and 42 are WD+brown dwarf candidates which leaves 465 single WDs observed by WISE. Thus, the frequency of disks around single WDs in the WISE sample is at least 2.6% which is consistent with the 1-3% disk frequency derived by Farihi et al. (2009) . One of the eight WD+disk candidates in our target list that remain unobserved (J0813) was recently revealed by Wang et al. (2013) to have a nearby blending source. The remaining seven disk candidates without NIR data could bring the WISE disk frequency as high as 4.1%, consistent with the 4.3% frequency found by Barber et al. (2012) .
If we restrict the frequency calculations to WDs with estimated W1 fluxes above the 74% completeness limit of 50 µJy, we could not include any of the four new disks in the calculation. The seven WIRED disk candidates included in the flux limited sample can, however, be pared down to four candidates because J1037 was misidentified as a WD, J2220 is a known WD+BD system, and J1559 has contaminated WISE photometry. Therefore, the frequency of WD+disk systems in the flux limited WIRED sample is at most four out of 395 or 1%. We calculate the confidence interval of the disk frequency in both the flux limited (0.7-1.8%) and entire WISE sample (2.0-3.5%) using the Bayesian method outlined in Cameron (2011) and find that the two frequencies are consistent within a 2 σ (∼ 95%) confidence level.
None of the four new dusty WDs is identified by Kleinman et al. (2013) as having an atmosphere polluted with metals, but this is most likely due to the low resolution and low S/N of the SDSS spectroscopy data. A metal-free atmosphere does not preclude the existence of a debris disk (Hoard et al. 2013) , however follow-up HIRES observations would be useful to confirm the state of pollution of these WD atmospheres. Hoard et al. (2013) report 7 WD+disk candidates, but 3 of them do not display pollution in their atmospheres. The warm inner disk temperatures in Table 2 imply that accretion is ongoing (Rafikov 2011a) and we expect that high quality, high resolution spectra will reveal the presence of metals. Also, the four new dusty WDs in our sample should show K-band excess from the disks (see Figure 2 ). K-band spectra would be useful to further characterize the source of the excess emission in these systems and to constrain the inner radii of the disks more precisely.
CONCLUSIONS
We have confirmed the presence of dust surrounding four WDs with excess flux detected by WISE. These four new dusty WDs, including the two bonafide UKIDSS+WISE disks, increases the total number of confirmed WD+disk systems from 29 to 35 Xu & Jura 2012; Hoard et al. 2013) . The discovery of these four new debris disks enriches the current dusty WD population with one of the coolest (J1507), hottest (J1537), and the most massive (J1234) WDs known to host circumstellar dust. Expanding the parameter space known to be hospitable to circumstellar dust at WD stars will not only guide future infrared excess searches, but also enhance our understanding of the formation and evolution of these remnant planetary systems. Table 2 . Best Fit Disk Parameters Pure hydrogen atmosphere models (Tremblay & Bergeron 2009; Tremblay et al. 2010; Gianninas et al. 2011) , shown in blue, are normalized to the SDSS griz-bands. SDSS, SWIRC, and WISE photometry are shown as magenta circles, orange squares (empty squares for blended point source), and green diamonds, respectively. ALLWISE data are plotted where available. The SDSS i-band and SWIRC J-and H-band science images of the corresponding WD field are shown to the right. The yellow circle indicates the 6 WISE beam. The small magenta circle is centered on the WD's SDSS J2000 coordinates with a radius equal to the proper motion since the SDSS DR7 data were taken and is used to identify the WD. Extraneous objects within the yellow circle are likely the source of the excesses detected in the WISE data. Table 1 of Kirkpatrick et al. (2011) and are represented by green squares/blue triangles and orange diamonds, respectively. The colors of the contaminating sources in our SWIRC images are generally redder than the known brown dwarf and M dwarf populations and are more likely background galaxies. -The spectral energy distribution of the four isolated WDs in our sample. The SED components are the same as those described in Figure 1 except for the disk model, which is shown in red and the WD+disk combination which is shown in black here. The science images of these WDs show no obvious sign of contamination that could explain the excesses found in the WISE data. These excesses are well reproduced by geometrically flat, optically thick disk models (Jura 2003) . 
